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Abstract 



Human papillomaviruses (HPV) infect mucoal and cutaneous epithelium resulting in several types of patholog.es. most notably, 
cervical cancer Persistent infection with sexually transmitted oncogenic HPV types represents the major risk factor for the 
development of cervical cancer. The development of HPV-associaied cervical cancer has been closely linked to the expression of 
the viral oncogenes E6 and E7 in the tumor cells. The major viral oncoproteins, E6 and E7, target the cellular tumor suppressor 
gene products p53 and Rb, respectively. As detailed within, these interactions result in the stimulation of proliferation and the 
inhibition of apoptosis, thus representing major oncogenic insults to the infected cell. In addition to mediating transformation the 
E6 and E7 genes also play significant roles in altering the immune response against infected cells by suppressing interferon (1FN) 
expression and signaling. At the clinical level, IFNs have been used in the treatment of HPV-associated cervical mtraepithelial 
neoplasia (C1N) or cervical cancers with mixed results. The success of the treatment is largely dependent on the subtype of HPV 
and the immune response of the patients. Despite this inefficiency, the increasing knowledge about the regulation of IFN signaling 
paihwavs at molecular level may hold a promise for the use of new therapeutic strategies against HPV infection. Studies on the 
Testation of the function of IFN-inducible gene products by the E6 and E7 may lead to the development of new therapeutic 
approaches based on strategies that modify the function of the HPV oncoproteins and restore IFN-signalmg pathways through 
endogenous control mechanisms. © 2001 Elsevier Science Ltd. All rights reserved. 
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1. Human papillomaviruses 

Human papillomaviruses (HPVs) are small double 
stranded DNA viruses, which infect cutaneous and 
mucosal epithelium resulting in a variety of clinically 
important conditions, most notable cervical cancer []]. 
The incidence of cervical cancer in North America is 
relatively uncommon due to the effectiveness of 
screening programs that assess cervical cytology by 
the Papanicolaou smear. However, on a global scale, 
cervical cancer is a major cause of mortality, espe- 
cially in developing countries where screening pro- 
grams are nol routinely performed [2]. Precursor 
lesions for cervical cancer are known as cervical in- 
traepithelial neoplasia (CIN). The observation that 
CIN occurs at a younger age than does invasive dis- 
ease is consistent with the long latency period re- 
quired to develop cervical cancer, which can take 
over 10 yr. Therefore, cervical cancer is a preventable 
disease if CIN lesions are detected early. 

The epidemiology of cervical cancer has always 
suggested that it is sexually transmitted disease [3-5] 
implying an etiological role for an infectious agent. 
There is now no doubt that the infectious agent in- 
volved in cervical neoplasia is HPV and infection 
with the so-called oncogenic or high risk HPV types 
16, 18, 31, 33, 35, 39, 41-45 is the major risk factor 
for this disease. However, the available epidemiologi- 
cal evidence also shows that that HPV infection alone 
is not sufficient for neoplastic progression. Thus only 
a fraction of individuals infected with high-risk 
viruses go on to develop CIN or cervical cancer. 
About 30% of CIN cases will progress to cervical 
cancer [6J. The HPV genome is usually present in an 
episomal configuration during infection and CIN, 
whereas in invasive cervical cancer, the genome is 
commonly integrated into the host DNA [7]. The 
only viral genes which are consistently expressed fol- 
lowing integration is the E6 and E7 oncogenes and 
these genes are critical for the development of malig- 
nant transformation and also play a role in altering 
the cellular response to cytokines. 



2. Transforming activity of the HPV oncoproteins 

The genome of HPVs contains eight genes includ- 
ing the E6, E7, E5, E4, E2, El, LI and L2 genes. 
The early (E) genes are predominantly involved in 
regulating the viral life cycle and the late (L) genes 
encode the viral capsid proteins. The major viral 
transforming genes are the E6 and E7 genes, which 
target the cellular p53 and Rb genes respectively [8- 
10]. This review will therefore focus on the biological 
activity of the E6 and E7 genes. 

The oncogenic potential of the E6 and E7 proteins 
from the high-risk HPVs is due predominantly to the 
ability of these viral proteins to target and inhibit the 
activity of the cellular p53 and Rb tumor suppressor 
proteins respectively. Since p53 and Rb induce apop- 
tosis and control cell-cycle progression respectively, 
their inactivation by E6 and E7 represents a major 
carcinogenic insult to the infected cell. The continued 
expression of E6/E7 is necessary to sustain the prolif- 
eration and anti-apoptotij character of cervical cancer 
derived cells [11-13]. The ability of HPV to target 
both Rb and p53 allows the virus to stimulate cell 
replication, which also results in the replication of the 
viral genome while inhibiting apoptosis in the infected 
cell. Moreover, it has also been revealed that E6 and 
E7 may play a role in maintaining viral episomal 
DNA stability during infection [14]. 



3. The transforming activity of E6 and inhibition of 
apoptosis 

The E6 proteins contain approximately 150 amino 
acids depending on the HPV type with an apparent 
molecular weight of about 18 kDa. Due to the low levels 
of this protein in the cell and a lack of good antibodies, 
it has been difficult to determine its location within the 
cell. Our own recent observations show that the 
oncogenic E6 proteins are equally distributed between 
the nucleus and the cytoplasm, whereas E6 from the 
non-oncogenic HPV types are predominantly cyto- 
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plasmic (unpublished observations). This is consistent 
to what has been previously reported for the oncogenic 
HPV E6 proteins [15,16]. It is also possible that the 
location of the E6 protein could change depending on 
the differentiation status of the cell or in response to 
different extracellular stimuli. 

As mentioned above, a major target of oncogenic 
type E6 is the p53 tumor suppressor protein and this 
results in the degradation of p53 via the ubiquitin 
proteolytic pathway [17,18]. This observation provides 
a logical explanation why the p53 tumor suppressor 
gene is seldom mutated in HPV-positive cervical tumors 
[19,20]. In comparison, the p53 gene is mutated in the 
majority of other cancer types [21]. Cells expressing E6 
lose the Gl checkpoint presumably due to loss of p53 
[22] and are resistant to p53-mediated apoptosis [23- 
25]. The degradation of p53 by oncogenic type E6 is 
dependent upon a cellular protein termed E6-AP (E6- 
Associated Protein) [18,26]. There has however not 
been any link demonstrated to date between E6-AP and 
p53 in the absence of E6. 

The ability of E6 to mediate p53 degradation is very 
important considering that p53 places a zero tolerance 
on cellular abnormalities through mediating apoptosis 
and preventing cell proliferation [27,28]. Therefore in 
order for tumor cells or viral oncogene expressing cells 
to survive, the p53 tumor suppressor protein must be 
lost through gene mutation or viral protein interaction. 
In the case of oncogenic HPVs, E6 is responsible for 
mediating the degradation of p53 thus ensuring the 
survival of the infected cell [14]. 

Another important activity of E6 with respect to 
mediating cellular immortalization and subsequent 
transformation is its ability to activate cellular telom- 
erase activity [29]. The telomerase enzyme is important 
to maintain the stability of the chromosome ends 
(telomeres) during multiple rounds of cell proliferation. 
It is however unclear what role the telomerase enzyme 
may plav in the normal virus life cycle. 

A number of other cellular targets for E6 have also 
been identified and these may also contribute to the 
oncogenic activity of this protein. For example, the 
E6/E6-AP complex has also been implicated in the 
degradation of the apoptosis inducing c-Myc [30] and 
Bak proteins [31]. E6 from HPV- 16 can also associate 
with the transcriptional co-activators CBP and p300 
[32,33]. Since CBP/p300 is involved in the transcrip- 
tional activity of p53, this association also reduces the 
transcriptional transactivation activity of p53. Onco- 
genic HPV E6 has also been shown to mediate the 
degradation of the discs large (Dig) tumour suppressor 
proteins, which have been shown to have tumor sup- 
pressor protein activity in Drosophila [34]. Dig proteins 
may function as components of signal transduction 
pathways transmitting growth inhibitory signals from 
regions of celt-cell contact to downstream effectors 



which block cell proliferation and migration [35]. Taken 
together, E6 may have multiple activities in addition to 
inhibiting p53 and further studies are needed to define 
these interactions with respect to cell transformation. 

4. The transforming activity of E7 and induction of cell 
cycle progression 

As with E6, expression of E7 is necessary for the 
continuing proliferation of HPV containing cervical 
cancer cell lines [11,36,37]. The E7 proteins from the 
various HPV types contain approximately 100 amino 
acids and, similar to E6, contain a zinc binding motif in 
the C-terminal region [38,39]. The E7 protein is nor- 
mally phosphorylated by casein kinase II [40] and has 
been located in a variety of cellular locations including 
the cytoplasm, the nucleus, and the nucleoli [41-44], 
The HPV E7 shares homology with other DNA tumor 
virus proteins including Adenovirus El A and SV40 
large T and has been shown to interact with many of 
the same cellular targets including the Rb, pl07. and 
pi 30, cyclin A, cyclin E, and AP-I [44-48]. Given the 
nature of these cellular targets, these interactions sug- 
gest that a major role for E7 is to disrupt normal cell 
cycle control. Several studies have shown that expres- 
sion of E7 is associated with increased cellular DNA 
synthesis [49-51]. The increase in DNA synthesis and 
cell proliferation is largely as a result of the interaction 
between E7 and the Rb family of proteins including 
Rb, pl07 and pl30. These interactions interfere with 
the ability of the Rb family to suppress the transactivat- 
ing activity of the E2F transcriptional transactivators. 
E2F responsive promoters include dihydrofolate reduc- 
tase, thymidine kinase, cdc 2, cyclin A, cyclin D. and 
DNA polymerases [52]. Expression of these genes is 
required for DNA synthesis and progression through 
the cell cycle and expression of E2F alone has been 
shown to induce DNA synthesis [53]. Therefore. E7 
perturbs the normal control of cell proliferation by 
inhibiting the function of Rb resulting in the activation 
of E2F mediated transcription resulting in the induc- 
tion of gene products which stimulate DNA synthesis 
and cell proliferation. It has also been shown that E7 
destabilizes Rb and the related pl07 protein potentially 
through the ubiquitin proteasome pathway [54,55]. The 
crystal structure of a C-terminal region 9 amino acid E7 
peptide bound to Rb has now been defined [56]. 

In addition to targeting Rb and related proteins, E7 
has also been shown to interact with the other cell cycle 
inhibitors including p21 [57,58] and p27 [59]. Clearly 
the interaction and suppression of these cell cycle in- 
hibitors contribute further to the ability of E7 to stimu- 
late cell proliferation through disrupting key cell cycle 
control molecules. 
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5. Synergism between £6 and E7 in inducing cell 
proliferation and inhibition of apoptosis 

As mentioned above, both E6 and E7 bind to a 
number of cellular proteins, which play key roles in 
regulating cell cycle and apoptosis. It is noteworthy 
that inactivation of Rb results in the induction of 
E2F-mediated transcription, which in turn leads to the 
expression of the pI4 ARF protein that stabilizes p53 
by inhibiting MDM2-mediated p53 degradation [28]. 
Consequently, expression of oncogenes with E7-like 
activity can effectively induce p53-mediated apoptosis. 
Therefore, it is essential that HPV counteract the E7- 
mediated apoptosis through the above pathway by 
targeting p53 for degradation with the E6 protein. A 
summary of the functions of E7 and E6 in inducing cell 
proliferation and inhibiting apoptosis is shown in Fig. 
1. Under these conditions, the viral genome is thus 
allowed to replicate and ultimately produce new viral 
particles in infected terminally differentiated cells. 



6. HPV infection and regulation of immune system 

Persistence of cutaneous and genital-HPV-induced 
lesions is common suggesting that infections can be 
sustained for an extended period without the induction 
of an effective immune response [60J. This also suggests 
that HPVs have evolved mechanisms for subverting the 
activation of immune response. Limiting exposure of 
viral gene products to the host immune system is an 
important evasion mechanism for these viruses [61]. 
First, there is no viremic phase during the life cycle, so 
the systemic immune system is avoided. Second, very 
low levels of viral proteins are expressed in the basal 
and spinous layers of epidermis, where they would be 
most likely to be recognized by Langerhans cells and 
infiltrating lymphocytes. Thirdly, extensive production 
of viral proteins takes place in terminally differentiated 
layers of the epidermis where shedding of the virus 
from this surface limits the exposure of assembled 
virions to the host immune system. 
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Table 1 

Efficacy of IFNs in ihc treatment of 



HPV-associated disease 



Table 1 {Continued) 



Disease 

IFN-<t 

Cervical 

intraepithelial 



HPV subtype Efficacy References 



neoplasia 






1001 


CIN of lower 


16 


C (Tut 

tneciive 


genual iraci 






1 1 WJ 


CIN 


at\ 1 /I /WIS 
6/1 1/1 0/1 fi 


Partial 


Cervical cancer 


N/A 


Partial 


11011 

^ I V 1 j 


CIN 


16 


Partial 


11091 


HrV-jniected 


V) / A 

N/A 


Portia) 
raj I la 1 


(1031 


cervix 








CIN2 


N/A 


ino eneci 




Other genital 








infections 






1105] 


Condylomata 


6/11 


Effective 


acuminata 








Buschke-Lowenste 


6/11 


Effective 


[106] 


in tumor 








Vulvar 


16/18 


Effective 


|107] 


vestibulitis 








Condylomata 


6 


Effective 


[10S] 


acuminata 








Intra vaginal 


N/A 


Effective 


|I09] 


warts 








Infected lower 


N/A 


Effective 


[110] 


genital tract 








Genital 


N/A 


Effective 


[11 H 


condyloma 








acuminatum 








Genital warts 


XT 1 A 

N/A 


Effective 


ti ni 
i 1 1 -J 


Chronic 


XJ / A 

N/A 


Pa rtial 


i ■ 1 -*! 


vulvodynia 








Vestibular 


N/A 


Partial 


(114) 


papillomatosis 






[115] 


Cervical 


11/16 


Partial 


condyloma 






[116] 


Genital warts 


16/18 • 


Partial 


Condylomata 


16/18 


Partial 


[117] 


acuminata 








Microcondylomaio 


N/A 


Partial 


[118] 


sis 








Genital 


6/11/16/18 


No effect 


[119] 


HPV-infections 








Laryngeal lesion 








Laryngotracheal 


6/11 


Effective 


[120] 


papillomatosis 








Laryngeal 


6 


No effect 


[121] 


papilloma 








Respiratory tract 








papillomas 








Respiratory tract 


6/11 


No effect 


[122] 



papillomas 

IFN-P 
Cervical 
intraepithelial 
neoplasia 

CIN grade II 

CIN 

CIN-II 

CIN 



N/A 


Effective 


t»23] 


N/A 


Effective 


[124] 


N/A 


Effective 


[125] 


N/A 


Effective 


[126] 



Disease 


HPV subtype 


Efficacy 


References 


cin i, ii & in 


N/A 


Effective 


[127] 


CIN 


N/A 


Effective 


[128] 


CIN 


N/A 


Partial 


[129] 


CJN I & II 


N/A 


Partial 


[130] 


Other genital 








infections 








Genital 


N/A 


Effective 


[131] 


condylomata 








acuminata 








Intraepithelial 


N/A 


Effective 


[132] 


genital lesion 








Genital HPV 


N/A 


Effective 


[133] 


infections 








Severe vulvar 


N/A 


Effective 


[134] 


vestibulitis 








Cervical & vaginal N/A 


Effective 


1135] 


lesions 








Genital 


N/A 


Effective 


[136] 


condyloma tosis 








Genital warts 


2/6/11 


Partial 


[137] 


HPV-infected 


N/A 


Partial 


[138] 


dysplasia 






[12bJ 


Lower female 


N/A 


Partial 


genital tract 








Vulva infection 


N/A 


No effect 


(1391 


IFN-y 








Cervical 








Intraepithelial 








neoplasia 








CIN 


High risk 


Effective 


[140] 


Cervical carcinoma 16 


Effective 


1141) 


Other genital 








infections 








Condylomata 


6 


Effective 


[142] 


acuminata 








Bowenoid 


16 


Effective 


[143] 


papulosis (BP) 








Genital warts 


All types 


Effective 


[144] 



The expression of major histocompatibility complex 
(MHC) class I- and MHC class II-restricted T-celi 
responses are important for the control of most viral 
infections [62]. However, it appears that HPVs have 
evolved specific mechanisms to prevent their proteins, 
particularly those expressed in the lower layers of the 
epithelium, from being efficiently recognized by T cells. 
This is possibly mediated by producing viral proteins 
that are not efficiently presented as part of MHC 
complexes. Alternatively, HPV may have developed 
mechanisms that directly interfere with MHC expres- 
sion and function as has been described for other DNA 
virus such as adenovirus, herpesvirus and pox viruses 
[62], For example, interferon (IFN) stimulates expres- 
sion of MHC class I and II as well as LMP2 and -7, 
which are part of the 20S proteasome degradation 
machinery used for the display of antigens to the cell 
surface [63-65]. Therefore, the inhibition of IFN sig- 
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naling by the HPV oncoproteins (see below) may be 
one of the mechanisms utilized by the virus to evade 
immune surveillance. 



7. The efficacy of IFN treatment in HPV infection and 
associated disease 

IFNs are a family of biological response modifiers 
that exhibit antiviral, antiproliferative and " im- 
munomodulating functions [66], They consist of two 
different subtypes: type I IFNs (i.e. IFN-a/P) that are 
produced in virally infected cells, and type II IFN (i.e. 
IFN-y) that is not virus inducible and is restricted to 
mitogen or cytokine-activated lymphoid cells such as T 
lymphocytes and natural killer (NK) cells [66), In addi- 
tion to the establishment of an antiviral state in unin- 
fected cells, the elimination of virally infected cells is 
also critical in the host defense. In this context, type I 
IFNs exhibit a selective induction of apopiosis in virally 
infected cells and play a bifunctional role in limiting the 
spread of virus and eliciting an antiviral state in unin- 
fected cells while promoting apoptosis in infected cells 
[67]. 

The treatment of HPV-infection and associated dis- 
ease with IFNs has been under clinical experimentation. 
Theoretically, IFN treatment should result in the clear- 
ance of visible HPV lesions and elimination of the 
virus, even in cases of latent infections. However, de- 
spite the satisfactory results in some of the clinical 
studies, IFN treatment is still far from widespread 
therapy against HPV infection [68]. Studies on the 
effectiveness of IFN therapy in patients with CINs and 
cervical carcinomas have produced very inconsistent 
results and the conclusion regarding their efficacy has 
been controversial [69]. A compilation of data from 
various studies in vivo indicates that IFN-0 is more 
effective than IFN-a and generally type II IFN (i.e. 
IFN-y) more effective than type I (Table I). 

The molecular basis for this discrepancy in the effi- 
cacy of IFN treatment has not been determined, but it 
has been observed that expression of viral oncogenes, 
particularly E7, is significantly higher in the no respon- 
ded than in responders [70]. Downregulation of HPV 
viral replication [70] and viral gene expression could be 
the reason for the positive clinical outcomes observed 
with IFNs [71-73]. However, studies with various cer- 
vical cancer cell lines in vitro showed that IFNs are 
unable to suppress HPV expression universally [69]. 
Thus, the efficacy of IFNs may be dependent upon the 
levels of expression of the HPV oncogenes, the distinct 
functions of the viral proteins in regulating IFN pro- 
duction and signaling, the complex interactions between 
the viral oncoproteins and cellular factors that affect 
both viral and host gene expression and function, and/ 
or mutations unique to the infected cells that disrupt 



intracellular surveillance and regulatory mechanisms 
upon HPV infection [69]. 



8. IFN signaling and the Jak-Stat activation, pathway 

The mechanisms by which IFN transmit signals to 
the cell interior have been extensively studied in the 
recent years [74]. Type I IFNs (i.e. IFN-a/P) transduce 
their signals through the sequential activation of recep- 
tor associated Janus tyrosine kinases Jakl and Tyk2 
leading in tyrosine phosphorylation and activation of 
the signal transducers and activators of transcription 
Stall and Stat2[74]. Activated Statl/Stat2 heterodimers 
then translocate to the nucleus, where they associate 
with a 48 kDa DNA-binding protein [known as IFN 
stimulatory gene factor ISGF-3y or IFN regulatory 
factor IRF-9 [75]] to form an active complex (known as 
ISGF-3) on the interferon response element (ISRE) [74] 
(Fig. 2). This element is known to mediate the induc- 
tion of a number of functionally important IFN-stimu- 
lated genes (ISGs) including the translation initiation 
eIF-2a kinase PKR, 2'-5' oligoA synthase, Mx. ISG-15 
[74]. 

Type 11 IFN (i.e. IFN-y) transduces its signals 
through the sequential activation of receptor associated 
Jakl/Jak2 and then Stat I. Activated Statl homodimers 
translocate to the nucleus and directly bind to members 
of the GAS (IFN-y activated sequence) family of en- 
hancers (Fig. 2). This element is known to mediate the 
induction of a distinct family of genes including IRF-1, 
IFP-53. For both types of IFN. Statl activation is 
mediated by a single phosphorylation site on tyrosine 
701 [76]. In addition, phosphorylation of Statl on 
serine 727 is also required for maximal transcriptional 
activation [76]. Consistent with these observations, 
Statl null mice exhibit profound defects in IFN signal- 
ing, rendering them highly susceptible to infection with 
viruses and other pathogens [77,78], 



9. Molecular actions of £6 and E7 in signaling induced 
by virus infection and IFNs 

Several studies in vitro have demonstrated the ability 
of HPV oncoproteins to control signaling pathways 
that lead to the expression of IFNs and IFN-inducible 
genes. For example, it has been reported that HPV- 16 
E6 binds to the carboxyl-terminal domain of transcrip- 
tion factor IRF-3 and inactivates its transactivating 
function [79] (Fig. 3). IRF-3 is a member of the inter- 
feron regulatory factor (IRF) family whose members 
play a critical role in the regulation of the IFN n and P 
genes [80]. IRF-3 was originally characterized as a 
transcriptional factor that binds to ISRE. IRF-3 is part 
of a virus activated transcription factor complex includ- 
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Fig 2 A schematic model of activation of the Jak-Stat pathway by I FN: Binding of IFNs to their receptors results in the activation of the 
cytoplasmic tvrosine kinases of the Janus kinase (Jak) family, Jakl and Tyk2 for IFN-a/p, and Jakl and Jak2 for IFN-r Activated Jaks become 
autophosphorvlated and subsequently phosphorylate the receptor on specific tyrosine residues, which function as docking sites for the sre 
homology ^ (SH2) domain of Stall and Stal2. Tyrosine phosphorylation by Jaks results in heterodimerization of Statl and Stai2 or 
riomo/Jimerization of Statl and their nuclear translocation upon IFN-a/P or IFN-y treatment, respectively. Statl/Stat2 heterodimers bind to ISRE 
DNA sequence in the presence of a 48 kDa protein known as ISGF-3y or IRF-9 to form the 1SGF3 complex whereas Statl homodimers bind 
to GAS directly. 



ing IRF-7, p300 and pCBP, whose activity is induced in 
response to viral infection [81]. Expression of HPV-16 E6 
in human keratinocytes was able to diminish the induc- 
tion of 1FN-P gene expression by Sendai virus and 
consequently the expression of IFN-inducible genes [79]. 
Interestingly, inhibition of IRF-3-mediated transactiva- 
tion was not observed with the.benign HPV-6 E6 whereas 
the malignant HPV-18 E6 exhibited a modest binding to 
IRF-3 [79]. These finding indicated that inactivation of 
IRF-3 by E6 is probably specific for the HPV-16 type. 



Although IRF-3 is subjected to proteasome dependent 
proteolysis after virus infection this property is not 
modulated by E6 [79]. Considering the complex regula- 
tory transcription pathways implicated in IFN-p gene 
transcription it is reasonable to speculate that E6 may 
interfere with other transcriptions factors involved in this 
process. Inasmuch as IRF-3 transactivation requires its 
interaction with CBP/p300 [81], inactivation of these 
co-activators by E6 [32,33] may also play a role in the 
inhibition of IFN-p gene transcription. 
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Another mechanism by which HPV infection impairs 
the antiviral and antiproliferative actions of IFN-a was 
reported by our group and involves the interaction of E6 
with the tyrosine kinase Tyk2 [82], We showed that 
expression of the high-risk HPV-18 E6 in human 
fibrosarcoma epithelial-like HT1080 cells results in inhi- 
bition of Jak-Stat activation in response to IFN-a. This 
inhibitory effect, however, was not shared by the low-risk 
HPV-11 E6. The DNA binding and transactivation 
capacities of ISGF3 were impaired by HPV-18 E6 
expression after stimulation with IFN-a. This coincided 
with an impaired tyrosine phosphorylation of Tyk2, 
Stat2 and Statl. In contrast to IFN-a, tyrosine phospho- 
rylation and DNA binding of Statl were not affected by 
HPV-18 E6 in response to IFN-y indicating that the 
inhibitory effect of HPV-18 E6 on Jak-Stat activation 
is specific for IFN-a. These findings provided evidence 
for a role of HPV-18 E6 oncoprotein as a negative 
regulator of the Jak-Stat pathway [82]. 

Further analysis of the molecular mechanisms that 
mediate the inhibition of Tyk2 activation by HPV-18 E6 
led to the identification and partial characterization of 
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shown) that form the IFN-p promoter enhanceosome. The interac- 
tion of I6-E6 with IRF-3 (79] and CBP P2.33] may diminish the 
transactivation activities of the IRF-3/CBP complex thus decreasing 
IFN-p expression. 



an interaction between E6 and Tyk2 [82]. Specifically, 
this interaction takes place preferably with both HPV-18 
E6 and HPV- 16 E6 and to a lesser extent with HPV- 1 1 
E6. Mapping of the interaction between the two proteins 
revealed that the JH 6 -JH 7 domains of Tyk2, which are 
important for Tyk2 binding to the cytoplasmic portion 
of IFN-a receptor 1 chain (IFNAR1) [83,84], are also 
required for binding to E6 [82]. The JH 6 domain of Tyk2 
contains a stretch of amino acids E-S-L-G very similar 
to the E-L-L/V-G sequence, which was described as 
an E6 interaction sequence [85]. Experiments are cur- 
rently under way to determine the role of the E-S-L-G 
sequence in mediating Tyk2 binding to E6 and examine 
the function of E6-binding Tyk2 mutants in IFN-a-me- 
diated activation of the Jak-Stat pathway. These find- 
ings allowed us to propose a model whereby the 
interaction of E6 with Tyk2 prevents the binding of Tyk2 
to the cytoplasmic domain of IFNARI and the subse- 
quent Tyk2 activation upon IFN-a stimulation (Fig. 4). 
Currently, the question rises as to whether Tyk2 inacti- 
vation is mediated by the ability of E6 to target proteins 
lo proteasome dependent proteolysis. Although E6 does 
not affect the protein levels of Tyk2 in vitro (unpublished 
observations), specific degradation of phosphorylated 
(i.e. activated) form of Tyk2 in vivo is a possibility that 
is being examined. 

The inactivation of Tyk2 by E6 is not the only 
mechanism utilized by the high-risk HPVs to block the 
Jak-Stat pathway. Interestingly, expression of HPV-16 
E7 in the HPV-negative human epithelial cell line HaCaT 
was shown to inhibit the induction of IFN-a-inducible 
genes but had no effect on IFN-y-inducible genes [86]. 
This inhibition correlated with the loss of the ISGF3 
transcription complex as a result of inhibition of nuclear 
translocation of the IRF-9 (U. p48) component. This 
impaired nuclear translocation is most likely mediated by 
a direct interaction between E7 and IRF-9 (Fig. 5). 
Binding lo IRF-9 requires the amino acids 17-37 of E7, 
a domain that includes the binding site to the Rb protein! 
Based on these data Barnard and McMillan [86] pro- 
posed that the ratio of E7 to IRF-9 may play a role in 
determining an effective response to IFN-a. That is, a 
patient with higher levels of IRF-9, or lower levels of E7, 
may be more likely to respond lo IFN-a treatment. This 
notion is consistent with other observations that activa- 
tion of ISGF3 is diminished in a number of HPV-positive 
cell lines [87]. Also, patients that do not respond to IFN-a 
treatment for HPV-positive condylomas have higher 
levels of E7 mRNA than those who are able to respond 
|70]. It would be of interest, however, to examine whether 
low-risk E7 also binds to IRF-9 with the same affinity 
as the high-risk protein, and whether the E7/IRF-9 
interaction sufficiently accounts for the loss of ISGF3 
formation in response to IFN-a. 

The ability of E7 to interfere with IFN signaling was 
further demonstrated by its ability to bind to and 
inactivate the transcription factor IRF-I [88,89]. IRF-I 
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was originally identified as an IFN-0 promoter binding 
transcription factor and characterized as a critical medi- 
ator of I FN signaling induced by virus infection or 1FN 
treatment [90]. Interestingly, IRF-l overexpression in- 
hibits cell growth and the introduction or activated 
c-Ha-ras oncogene alone is sufficient to transform em- 
bryo fibroblasts from IRF-l knock out mice [90]. These 
data suggested that IRF-l is a tumor suppressor gene 
product associated with the antiproliferative effects of 
IFNs. Both HPV-16 and HPV-ll E7 proteins impair 
the transactivation activity of IRF-l and this effect is 
mediated by a direct interaction between E7 and IRF-l 
[88]. Binding of E7 to IRF-l requires the Rb-binding 
portion of E7 and the carboxyl-terminal transactivation 
domain of IRF-l [88]. The inhibition of IRF-l -depen- 
dent transactivation is most likely mediated by the 
recruitment of histone deacetylase (HDAC) by E7 to 
the IFN-P promoter (Fig. 6) [88]. The functional inacti- 
vation of IRF-I by high and low risk E7 proteins could 
play an important role in the inhibition of IFN-P gene 
expression during viral infection. Inasmuch as both 
IRF-l and p53 are required for the transcriptional 
activation of the cdk inhibitor p2I [91], their inactiva- 
tion in HPV infected cells may represent major mecha- 
nisms that contribute into tumor formation and 
cervical carcinogenesis. 

It is possible that HPVs has developed distinct mech- 
anisms to block IFN action and the establishment of an 
antiviral state during early- or late-phase of infection. 
The results obtained in transformed cell lines with 
stable expression of E6 and/or E7 likely reflect condi- 
tions with prolonged or chronic viral infection and may 



not be accurate models of initial HPV infection. This 
notion has been supported by a recent study describing 
the global changes in gene expression in human kerati- 
nocytes latently infected with the high-risk HPV 31 
using microarray analysis [92]. In this study, genes 
whose expression was repressed 2 fold or more by HPV 
proteins were listed into three groups. The first group 
consisted of regulators of cell growth such as p21. Mad. 
transgelin; the second group contained keratinocyte- 
specific genes including Sprll, a small proline-rich 
protein found in UV-irradiated keratinocytes, and de- 
fensin; the third group consisted of IFN-inducible genes 
including Statl and 2'-5' oligoA synthase [92]. Since 
Statl plays a crucial role in IFN-inducible gene tran- 
scription, the low basal level of its expression in F^ 31 
cells may account for the low level of various IFN-in- 
ducible genes and contribute to the impaired response 
to IFN signaling in HPV31 infected cells [92]. It would 
be important, however, to know which of the HPV-31 
gene products are responsible for the transcriptional 
repression of Statl, the mechanism of action, and 
whether Statl transcriptional repression is observed 
with low-risk HPVs. 



10. Concluding remarks 

HPVs have developed effective strategies to evade 
immune surveillance by downregulating both the pro- 
duction and action or IFNs. At the clinical level the 
disease frequently recurs when IFN therapy is discon- 
tinued, and the effect of IFNs is restricted to an anti- 
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proliferative rather than to an anti-viral or immunos- 
timulatory action. Despite this unfavorable outcome, 
studies on the regulation of IFN pathways by HPV 
infection at the molecular level have provided and will 
continue to provide important insights into complex 
interactions between the viral oncoproteins and host 
factors that control innate immunity. The resulting 
knowledge will be useful in the design of novel strate- 
gies that combat HPV infection and associated disease: 
For example, a better understanding of the molecular 
mechanisms of inhibition of IRF-I, IRF-9 or Tyk2 by 
the HPV oncoproteins may lead to the development of 
therapies based on peptides that block the viral-host 
protein interactions and restore IFN signaling through 
endogenous control mechanisms. Another possibility is 
the development of anticancer therapies based on the 
ability of HPV infected cells to subvert IFN treatment. 
Significantly, the use of viruses with mild or arymp- 
tomatic infections in humans as antitumor agents is 



now under clinical experimentation [93-97]. Interest- 
ingly, it has been recently demonstrated that infection 
of various cancer cells with vesicular stomatitis virus 
leads to a selective killing of cells with a defective 
response to IFNs [98J. This may represent a new strat- 
egy for the treatment of IFN-non-responsive tumors. 
Whether this is a suitable treatment of HPV-associated 
tumorigenesis is an intriguing possibility that remains 
to be examined. 



Acknowledgements 

Work on HPV infection and regulation of IFN sig- 
naling is supported by a grant from the Cancer Re- 
search Society (CRS) Inc. of Canada to A.E.K. and 
from the National Cancer Institute of Canada to CM. 
A.E.K. and S.L. are members of the Terry Fox Molec- 
ular Oncology Group. S.L. is a recipient of a CRS 




Cytoplasm 



Stag 

... . ( 
|_ 



Statl 




HPV E7 



Nucleus 



ISGF3 f?*% 



ISRE 

TOR c-P^ l«* Transcriptional activation by IFN-a requires ,he formation of the 

nudear translation Chi^S^S SSJS?.^ f ™* ^ ^ HPV " 16 E7 has sh ° wn 10 ■*»» «• ™" and inhibit its 
iu» uimmisning ine ui\A-bindmg and transactivation activities of ISGF3 (86]. 



A.E. Koromilas et al. /Cytokine A Growth Factor Reviews 12 (2001) 157-170 



167 



IRF-1 



IFN-p 



ISRE 



HPVE7A 

HDAC 



IFN-P 



ISRE 

Fig 6 Schematic model of IRF-l inactivalion by E7: Binding of 
IRF-l to ISRE in ihe promoter of IFN-P and other iFN-inducible 
genes leads to transcriptional activation. HPV-E7 interacts with both 
IRF-l and HDAC on the IFN-P gene promoter. Since HDAC 
mediates histone dcacytelation of chromatin, such interactions were 
proposed to be responsible for the transcriptional repression of IRF-l 
[88J. 

post-doctoral award whereas both A.E.K. and G.M. 
are recipients of senior scientist awards from the Cana- 
dian Institutes of Health Research (CIHR). 



References 

[l] zur Hausen H. Papillomavirus infections - a major cause of 
human cancers. Biochim Biophys Acta 1996;1288:F55-78. 

[2] Villa LL. Human papillomaviruses and cervical cancer. Adv 
Cancer Res 1997:71:321-41. 

[3] SchilTman MH. Brinton LA. The epidemiology of cervical 
carcinogenesis. Cancer 1 995:76: 1 SSS -901. 

|4] SchifTman MH. Bauer HM, Hoover RN, Glass AG. Cadell 
DM. Rush BB. et al. Epidemiologic evidence showing that 
human papillomavirus infection causes most cervical intraep- 
ithelial neoplasia. J Natl Cancer Inst 1993;85:958-64. 

[5] Sherman ME. Kurman RJ. Intraepithelial carcinoma of the 
cervix: reflections on half a century of progress. Cancer 
1998;83:2243-6. 

[6] Schiffman MH. Recent progress in defining the epidemiology of 
human papillomavirus infection and cervical neoplasia. J Natl 
Cancer Inst 1992;84:394-8. 
[7] Park JS, Hwang ES, Park SN, Ahn HK, Urn SJ, Kim CJ, et al. 
Physical status and expression of HPV genes in cervical cancers. 
Gynecol Oncol 1997;65:121-9. 
[8] zur Hausen H. Immortalization of human cells and their malig- 
nant conversion by high risk human papillomavirus genotypes. 
Semin Cancer Biol 1999;9:405-11. 
(9) Mantovani F. Banks L. The interaction between p53 and 

papillomaviruses. Semin Cancer Biol 1999;9:387-95. 
[10J zur Hausen H. Papillomaviruses causing cancer: evasion from 
host-cell control in early events in carcinogenesis. J Natl Cancer 
Inst 2000;92:690- 8. 
[II] Francis DA, Schmid SI. Howley PM. Repression of the inte- 
grated papillomavirus E6/E7 promoter is required for growth 
suppression of cervical cancer cells. J Virol 2000;74:2679-86. 
[12] Butz K, Denk C, Ullmann A,* SchelTner M, Hoppe-Seyler F. 
Induction of apoptosis in human papillomavirus positive cancer 
cells by peptide aptamers targeting the viral E6 oncoprotein. 
Proc Natl Acad Sci USA 2000;97:6693-7. 



|13J Hietanen S, Lain S, Krausz E, Blattner Q Lane DP. Activation 
of p53 in cervical carcinoma cells by small molecules. Proc Natl 
Acad Sci USA 2000;97:8501 -6. 

[14] Thomas JT, Hubert WG, Ruesch MN, Laimins LA. Human 
papillomavirus type 31 oncoproteins E6 and E7 are required for 
the maintenance of episomes during the viral life cycle in 
normal human keratinocytes. Proc Natl Acad Sci USA 
1999;96:8449- 54. 

[15] Chen JJ, Reid CE, Band V, Androphy EJ. Interaction of 
papillomavirus E6 oncoproteins with a putative calcium-bind- 
ing protein. Science 1995;269:529-31. 

[16] Sherman L, Schlegel R. Serum- and calcium-induced differenti- 
ation of human kcratinocytes is inhibited by the E6 oncoprotein 
of human papillomavirus type 16. J Virol 1996;70:3269-79. 

[17] Werness BA, Levine AJ, Howley PM. Association of human 
papillomavirus types 16 and 18 E6 proteins with p53. Science 
1990;248:76-9. 

[18] SchefTner M, Huibregtse JM, Vierstra RD, Howley PM. The 
HPV- 16 E6 and E6-AP complex functions as a ubiquitin- 
protein ligase in the ubiquitination of p53. Cell I993;75:495- 
505. 

[19] SchefTner M, Munger K, Byrne JC, Howley PM. The state of 
the p 53 and retinoblastoma genes in human cervical carcinoma 
cell lines. Proc Nail Acad Sci USA 1991;88:5523-7. 

[20] Crook T, Wrede D, Vousden KH. p53 point mutation in HPV 
negative human cervical carcinoma cell lines. Oncogene 
1991;6:873-5. 

[21] Hollstein M, Sidransky D, Vogel stein B, Harris CC p53 muta- 
tions in human cancers. Science 1991;253:49-53. 
[22] Dulic V, Kaufmann WK, Wilson SJ, Tlsly TD, Lees E, Harper 
JW, et al. p53-dependent inhibition of cyclin-dependent kinase 
activities in human fibroblasts during radial ion- induced Gl 
arrest. Cell 1994;76:1013-23. 
(23) Kessis TD, Slebos RJ, Nelson WG, Kastan MB, Plunkcit BS, 
Han SM, et^al. Human papillomavirus 16 E6 expression dis- 
rupts the p53-mediated cellular response to DNA damage. Proc 
Natl Acad Sci USA 1993;90:3988-92. 
[24] Pan H, Griep AE. Temporally distinct patterns of p53-depen- 
dent and p53-indepcndent apoptosis during mouse lens devel- 
opment. Genes Dev 1995;9:2157-69. 
[25] Thomas M, Matlashewski G, Pim D, Banks L. Induction of 
apoptosis by p53 is independent of its oligomcric state and can 
be abolished by HPV- 1 8 E6 through ubiquitin mediated degra- 
dation. Oncogene 1996;13:265-73. 
[26] Huibregtse JM, SchefTner M, Howley PM. Coning and expres- 
sion of the cDNA for E6-AP, a protein that mediates the 
interaction of the human papillomavirus E6 oncoprotein with 
p53. Mol ail Biol 1993;13:775-W 
[27] Levine AJ. p53, the cellular gaieJreeper for growth and division. 

Cell 1997;88:323-31. 
[28] Ashcroft M, Vousden KH. Regulation of p53 stability. Onco- 
gene 1999;18:7637-43. 
[29] KJingelhutz AJ, Foster SA. McDougall JK. Telomerase activa- 
tion by the E6 gene product of human papillomavirus type 16. 
Nature 1996;380:79-82. 
[30] Gross-Mesilaty S, Reit»'«n E, Bercovich B, Toh" 

Schwartz AL, Kahana G el al. Basal and human papillo- 
mavirus E6 oncoprotein-^** 0 " degradation of M£P rol " n * 
by the ubiquitin pa**^ Proc Nat1 Acad 
1993;95:8058-63. . J . , . . 

[31] Thomas M, Banks L Inhibition of Bak-mcuced aV optosi 5 by 

HPV-18 E6. Oncost 1998;17:2943-54. 
[32J Patcl D B Huang Stf. Baglia LA McCance DJ. The E6 protein 
of human papillomavirus type 16 binds to and .nhibits co-acti- 
vation by CBP and P 300. EMBO J 1^^5061-71 
[33] Zimmermann H, Degenkolbe R, Bernard HU. O Coanor MJ. 
The human papillomavirus type 16 E6 oncoprotein on down- 



168 



A.E. Koromiias et at. /Cytokine 4 Growth Factor Reviews 12 (200}) \51-\7Q 



regulate p53 activity by targeting the transcriptional reactivator 
CBP/p300. J Virol 1999;73:6209-19. 

[34] Gardiol D, Kuhne C, Glaunsinger B, Lee SS, Javier R, Banks 
L. Oncogenic human papillomavirus E6 proteins target ibe 
discs large tumour suppressor for proteasome-mediated degra- 
dation. Oncogene 1999;18:5487-96. 

[35] Goode S, Perriraon N. Inhibition of patterned cell shape 
change and cell invasion by Discs large during Drosophila 
oogenesis. Genes Dev 1997;11:2532-44. 

[36] Crook T, Morgenstem JP, Crawford L, Banks L. Continued 
expression of HPV-16 E7 protein is required for maintenance, of 
the transformed phenotype of cells co-transformed by HPV-16 
plus EJ-ras. EM BO J 1989;8:513-9. 

[37J Alvarez-Salas LM, Cullinan AE, Siwkowski A, Hampel A, 
DiPaolo JA. Inhibition of HPV-16 E6/E7 immortalization of 
normal keratinocytes by hairpin ribozymes. Proc Natl Acad Sci 
USA 1998;95:1189-94. 

[38] Barbosa MS. Lowy DR, Schiller JT. Papillomavirus polypep- 
tides E6 and E7 are zinc-binding proteins. J Virol 
1989;63:1404- 7. 

[39] Mclntyre MC, Fraitini MG, Grossman SR, Laimins LA. Hu- 
man papillomavirus type 18 E7 protein requires intact Cys-X- 
X-Cys motifs for zinc binding, dimerization, and 
transformation but not for Rb binding. J Virol 1 993;67:3 142- 
50. 

[40] Barbosa MS. Edmonds C, Fisher C, Schiller JT, Lowy DR, 
Vousden K.H. The region of the HPV E7 oncoprotein ho- 
mologous to adenovirus Ela and Sv40 large T antigen contains 
separate domains for Rb binding and casein kinase II phospho- 
rylation. EM BO J 1990;9:153-60. 

[41] Smotkin D, Wetistein FO. Transcription of human papillo- 
mavirus type 16 early genes in a cervical cancer and a cancer- 
derived cell line and identification of the E7 protein. Proc Natl 
Acad Sci USA 1986;83:4680-4. 

[42] Zatsepina O, Braspcnning J, Robberson D, Hajibagheri MA, 
Blight KJ, Ely S, et al. The human papillomavirus type 16 E7 
protein is associated with the nucleolus in mammalian and 
yeasi cells. Oncogene 1997;14:1137-45. 

[431 Greenfield I, Nickerson J, Penman S, Stanley M. Human 
papillomavirus 16 E7 protein is associated with the nuclear 
matrix. Proc Natl Acad Sci USA 1991;88:11217-21. 

(44) Dyson N, Howley PM, Munger K, Harlow E. The human 
papilloma virus- 16 E7 oncoprotein is able to bind to the 
retinoblastoma gene product. Science 1989;243:934-7 

[45] Dyson N, Guida P, Munger K, Harlow E. Homologous se- 
quences in adenovirus El A and human papillomavirus E7 
proteins mediate interaction with the same set of cellular 
proteins. J Vi ro l 1992;66:6893-902 

[46] Mclntyre MC, Ruesch MN, Laimins LA. Human papillo- 
mavirus E/ oncoproteins bind a single form of cyciin E in a 
complex w,thcdk2 and P 107. Virology 1996;2 1 5-73-82 

[47J Davies R, Hicks R, Crook T, Morris J, Vousden K. Human 
p^ptllomav.rujiypc l6 E7 associates wiln a mslone H| kmase 

V,r W i ,£? 7 ,hr0Ugh Stt » ttences necessary for transformation. 

J Virol 1993;67:2521-8. 
[48] Aniinore MJ.Birrer MJ, Pud D, Nader L, McCance DJ. The 

human papillomavirus type 16 E7 gene product interacts with 

and trans-acuvates the API family of transcription factors. 

EMBO J I99fa,\5:1950-60. 
[49] Morris JD. Crcxfc T, Bandara LR, Davies R, UTT>angue NB, 

Vousden KH. Httnan papiUomavinis type 16 E7 regulates E2F 

and contributes to mitogenic signalling. Oncogene 1993;8:893- 

8. 

|50] Cheng S, Schmidt-Grifluninger DC, Muranl T, Broker TR 
LT. DifTerentiation-depend^ up . reguiation 0 f the hu- 
man papillomavirus E7gcne reactivates cellular DNA replica- 
lion in suprabasal differentiated keraiinocytes. Genes Dev 
l9?>;9:2335-49. 



[51] Blanton RA, Coltrcra MD, Gown AM, Halbert CL, McDou- 
gall JK. Expression of the HPV16 E7 gene generates prolifera- 
tion in stratified squamous ceiJ cultures which is independent of 
endogenous p53 levels. Cell Growth Differ 1992;3:791-802. 

[52] Adams PD, Kaelin WG Jr. Transcriptional control by E2F 
Semin Cancer Biol 1995;6:99-108. 

[53] Johnson DG, Schwarz JK, Cress WD, Nevins JR. Expression 
of transcription factor E2F1 induces quiescent cells to enter S 
phase. Nature 1993;365:349-52. 

[54] Jones DL, Thompson DA, Munger K. Destabilization of tht 
RB tumor suppressor protein and stabilization of p53 con. 

! r ^ t f/° HPV typc 16 ^-induced ^Ptosis. Virology 
1997;239:97-107. 

[55] Jones DL, Munger K. Analysis of the p53-mediated Gl growth 
arrest pathway in cells expressing the human papillomavirus 
type 16 E7 oncoprotein. J Virol 1997;71:2905-12 

[56] Lee JO. Russo AA, Pavletkh NP. Structure of the retinoblas- 
toma tumour-suppressor pocket domain bound to a peptide 
from HPV E7. Nature 1998;391:859-65. 

[57] Jones DL, Alani RM, Munger K. The human papillomavirus 
E7 oncoprotein can uncouple cellular differentiation and prolif- 
eration in human keratinocytes by abrogating p2lGpl-medi- 
ated inhibition of cdk2. Genes Dev 1997;11:2101-1] 

[58] Funk JO, Waga S, Harry JB, Espling E, Slillman B, Galloway 
DA. Inhibition of CDK activity and PCNA-dependent DNA 
replication by p21 is blocked by interaction with the HPV-16 
E7 oncoprotein. Genes Dev 1997;11:2090-100. 

[59] Zerfass-Thome K, Zwerschke W, Mannhardt B, Tindle R, Bou 
JW, Jansen-Durr P. Inactivation of the cdk inhibitor p27KIPl 
by the human papillomavirus type 16 E7 oncoprotein Onco- 
gene 1996;13:2323-30. 

[60J Tindle R\\\ Frazer IH. Immune response to human papillo- 
maviruses and the prospects for human papilloma virus-specific 
immunisation. Curr Top Microbiol Immunol 1994;186:217-53. 

[61] Schiller JT. Okun MM. Papillomavirus vaccines: current status 
and future prospects. Adv Dermatol 1996;! 1:355-80. 

[62] McFadden G. Kane K. How DNA viruses perturb functional 
MHC expression to alter immune recognition. Adv Cancer Res 
1994;63:117-209. 

163] York IA, Goldberg AL, Mo XY, Rock KL. Proteolysis and 

class 1 major histocompalibility^complcs antigen presentation 

Immunol Rev 1999;172:49-66. 
M Ting JP, Zhu XS, Class II MHC genes: a model gene regulatory 

sysiem with great biologic consequences. Microbes Infect 

1999;1:855-61. 

[65] Tanaka K, Kasahara M. The MHC class I ligand-generating 
system: roles of immunoproteasomes and the interferon- 
gamma-inducibJe proteasome activator PA28. Immunol Rev 
1998;163:161-76. 

[66] Vilcek J, Sen GC Interferons and other cytokines. In: Fields 
BN t Knipe DM, Howley PM, editors. Fields Virology. 
Philadelphia: Lippincott-Raven, 1996:375-99. 

[67] Tanaka N. Sato M, Lamphier MS, Nozawa H, Oda E, Noguchi 
S, et a I. Type I interferons are essential mediators of apoptotic 
death in virally infected cells. Genes Cells 1998;3:29-37. 

[68] Frazer IH, McMillan NAJ. Papillomatosis and condylomata 
acuminata. In: Stuart-Harris R, Penny RD, editors. Clinical 
applications of the interferons. London: Chapman and Hall 
1997:79-90. 

[69] Kim KY, Blatt L, Taylor MW. The etTects of interferon on the 
expression of human papillomavirus oncogenes. J Gen Virol 
2000;81(Part 3):695-700. 

P0] Arany I, Nagamani K, Tyring SK. Interferon resistance is 
independent from copy numbers in benign HPV-induced le- 
sions. Anticancer Res 1995;15:1003-6. 

[71] Nawa A, Nishiyama Y, Yamamoto N, Maeno K, Goto S, 
Tomoda Y. Selective suppression of human papilloma virus 



A.E. Koromilas et al./ Cytokine <E Growth Factor Reviews 12 (2001) 157- J 70 



169 



type 18 mRNA level in HeLa cells by interferon. Biocncm 

• Biophys Res Commun 1990;170:793-9. 

172] Dc Marco F, Marcante ML. HPV-16 E6-E7 differential tran- 
scription induced in Siha cervical cancer cell line by interferons. 
J Biol Regul Homeost Agents 1993;7:15-21. 

[73] Agarwal C, Hcmbrce JR, Rorke EA, Eckert RL. Interferon and 
retinoic acid suppress the growth of human papillomavirus type 
16 immortalized cervical epithelial cells, but only interferon 
suppresses the level of the human papillomavirus transforming 
oncogenes. Cancer Res 1994;54:2108-12. 

[74] Stark GR. Kerr IM, Williams BR, Silverman RH, Schnaber 
RD. How cells respond to interferons. Annu Rev Biochem 
1998;67:227-64. 

[75] Bluyssen AR, Durbin JE, Levy DE. ISGF3 gamma p48, a 
specificity switch for interferon activated transcription factors. 
Cytokine Growth Factor Rev 1996;7:11-7. 

P6] Darnell JE Jr. STATs and gene regulation. Science 
1997;277:1630-5. 

[77] Durbin JE, Hackenmiller R, Simon MC, Levy DE. Targeted 
disruption of the mouse Stall gene results in compromised 
innate immunity to viral disease. Cell 1996;84:443-50. 

[78] Meraz MA, White JM, Sheehan KC, Bach EA, Rodig SJ. 
Dighe AS, et ai. Targeted disruption of the Statl gene in mice 
reveals unexpected physiologic specificity in the JAK-STAT 
signaline pathway. Cell 1996;84:431-42. 

[79] Ronco LV, Karpova AY, Vidal M, Howley PM. Human 
papillomavirus 16 E6 oncoprotein binds to interferon regula- 
tory factor-3 and inhibits its transcriptional activity. Genes Dev 
1998:12:2061-72. 

[80] Nguven H, Hiscolt J, Pitha PM. The growing family of inter- 
feron regulatory factors. Cytokine Growth Factor Rev 
1997:8:293-312. 

[81] Hiscott J. Pitha P, Genin P, Nguyen H, Heylbrocck C, Ma- 
mane Y. el al. Triggering the interferon response: the role of 
1RF-3 transcription factor. J Interferon Cytokine Res 
1999:19:1-13. 

[82] Li S. Labrecque S, Gauzzi MC, Cuddihy AR, Wong AH, 
Pellegrini S t et al. The human papilloma virus (HPV)-18 E6 
oncoprotein physically associates with Tyk2 and impairs Jak- 
STAT activation by interferon-alpha. Oncogene 1999;18:5727- 
37. 

[83] Colamonici O f Yan H, Domanski P, Handa R, Smalley D, 
Mullersman J, et al. Direct binding to and tyrosine phosphory- 
lation of the alpha subunit of the type I interferon receptor by 
p!35tvk2 tyrosine kinase. Mol Cell Biol 1994;14:8133-42. 

[84] Colamonici OR, Uyttendaele H, Domanski P, Yan H. 
Krolewski J J. pl35tyk2, an interferon-alpha-activated tyrosine 
kinase, is physically associated with an interferon-alpha- recep- 
tor. J Biol Chem 1994;269:3518-22. 

[85] Elston RC, Napthine S, Doorbar J. The identification of a 
conserved binding motif within human papillomavirus type 16 

E6 binding peP"^ E 6AP and E6BR J Gen Viro1 
1998:79(Part 2):371-4. 

[86J Barnard P. McMillan NA. The human papillomavirus E7 onco- 
protein abrogates signaling mediated by interferon-alpha. Virol- 
ogy 1999;259:305-13. 

[87] Petricoin III E, David M. Fang H, Grimley P, Lamer AC, 
Vande PS. Human cancer cell lines express a negative transcrip- 
tional regulator of the interferon regulatory factor family of 
DNA binding proteins. Mol Cell Biol 1994;14:1477-86. 

[88] Park JS, Kim EJ, Kwon HJ, Hwang ES. Namkoong SE. Urn 
SJ. Inactivation of interferon regulatory factor-1 tumor sup- 
pressor protein by HPV E7 oncoprotein. Implication for the 
E7-mediated immune evasion, mechanism in cervical carcino- 
genesis. J Biol Chem 2000;275:6764-9. 

[89] Perea SE, Massimi P, Banks L. Human papillomavirus type 16 
E7 impairs the activation of the interferon regulatory factor-1. 
lnt J Mol Med 2000;5:661-6. 



[90) Taniguchi T, Tanaka N, Taki S. Regulation of the interferon 
system, immune response and oncogenesis by the transcription 
factor interferon regulatory factor- 1. Eur Cytokine Netw 
1998;9:43-8. 

[91] Tanaka N, Ishihara M, Lamphier MS, Nozawa H, Matsuyama 
T, Mak TW, et al. Cooperation of the tumour suppressors 
IRF-1 and p53 in response to DNA damage. Nature 
1996;382:816-8. 

[92] Chang YE, Laimins LA. Microarray analysis identifies inter- 
feron-inducible genes and StaM as major transcriptional 
targets of human papillomavirus type 31. J Virol 2000;74:4174- 
82. 

[93] Coffey MC, Strong JE, Forsyth PA, Lee PW. Reovirus therapy 
of tumors with activated Ras pathway. Science 1998;282:1332- 
4. 

[94] BischofT JR, Kirn DH, Williams A, Heise C, Horn S, Muna M, 
el al. An adenovirus mutant that replicates selectively in p53- 
deficient human tumor cells. Science 1996;274:373-6. 

[95] Heise C t Sampson-Johannes A, Williams A, McCormick F, 
Von HofT DD, Kirn DH. ONYX-015, an E1B gene-attenuated 
adenovirus, causes tumor-specific cytolysis and antitumoral effi- 
cacy that can be augmented by standard chemotherapeutic 
agents. Nat Med 1997;3:639-45. 

[96] Lorence RM, Katubig BB, Reichard KW, Reyes HM. 
Phuangsab A, Sassetti MD, et al. Complete regression of 
human fibrosarcoma xenografts after local newcastle disease 
virus therapy. Cancer Res 1994;54:6017-21. 

[97] Chase M, Chung RY, Chiocca EA. An oncolytic viral mutant 
that delivers the CYP2BI transgene and augments cyclophos- 
phamide chemotherapy. Nat Biotechnol 1998;16:444-8. 

[98] Slojdl DF, Lichiy B, Knowles S, Marius R. Atkins H, Sonen- 
berg N, et al. Exploiting tumor-specific defects in the interferon 
pathway with a previously unknown oncolytic virus. Nat Med 
2000;6:821-5. 

[99] Slotman BJ, Helmerhorst TJ, Wijermans PW, Calame JJ. Inter- 
feron-alpha in treatment of intraepithelial neoplasia of the 
lower genital tract: a case report. Eur J Obstet Gynecol Reprod 
Biol 1988;27:327-33. 

[100] Stellato G. lntralesional recombinant alpha 2B interferon in the 
treatment of human papilloma virus-associated cervical intraep- 
ithelial neoplasia. Sex Transm Dis 1992;19:124-6. 

[101] Wadier S, Burk RD, Neubcrg D, Rameau R, Runowicz CD. 
Goldberg G, ct al. Lack of efficacy of interferon-alpha therapy 
in recurrent, advanced cervical cancer. J Interferon Cytokine 
Res 1995;15:1011-6. 

[102] Dunham AM, McCartney JC, McCance DJ, Taylor RW. Eflect 
of perilesional injection of alpha-interferon on cervical intraep- 
ithelial neoplasia and associated human papillomavirus infec- 
tion. J R Soc Med 1990:83:490-2. 

[103] Germano A, Stellato G, Lombardd G, de Simone A, Semenza 
G. lntralesional therapy using recombinant interferon alpha 2 B 
in lesions of the uterine cervix caused by human papilloma 
virus. Minerva Ginecol 1989;41:277-81. 

[104] Frost L, Skajaa K, Hvidman LE, Fay SJ, Larsen PM. No effect 
of intralesional injection of interferon on moderate cervical 
intraepithelial neoplasia. Br J Obstet Gynaecol 1990;97:626- 30. 

[105] Fleshner PR, Freilich MI. Adjuvant interferon for anal condy- 
loma. A prospective, randomized trial. Dis Colon Rectum 
1994;37:1255-9. 

[106] Tsambaos D, Monastirli A, Kapranos N. Georgiou S, Pasmaizi 
E, Berger H. lntralesional interferon a!pha-2b therapy Tor 
Buschke-Loewenstein tumour. Acta Derm Venereol 
1994;74:457-9. 

[107] Umpierre SA, Kaufman RH, Adam E. Woods KV, Adler- 
Storthz K. Human papillomavirus DNA in tissue biopsy speci- 
mens or vulvar vestibulitis patients treated with interferon. 
Obstet Gynecol 1991;78:693-5. 



no 



A.E. Koromilas et ai/ Cytokine A Growth Factor Reviews 12 (2001) 157-170 



1108] Albrecht G. Condylomata acuminata. Recent aspects of clinical 
signs, pathogenesis and therapy! Z Hautkr 1986;61:457-62. 

[109] Syed TA, Ahmadpour OA. Human leukocyte derived inter- 
feron-alpha in a hydrophilic gel for the treatment of iniravagi- 
nal wans in women: a placebo-controlled, double-blind study. 
Int J STD AIDS 1998;9:769-72. 

[110] Stentella P, Frega A, Di Renzi F, Palazzetti PL, Pachi A. Topic 
and systemic administration of natural alfa interferon in the 
treatment of female and male HPV genital infections. Clin Exp 
Obstet Gynecol 1996;23:29-36. 

(Ill) KJutke JJ, Bergman A. Interferon as an adjuvant treatment for 
genital condyloma acuminatum, Int J Gynaecol Obstet 
1995;49:171-4. 

[1 12] Syed TA. Cheema KM, Khayyami M, Ahmad SA, Ahmad SH, 
Ahmad S, et al. Human leukocyte interferon-alpha versus 
podophyllotoxin in cream for the treatment of genital warts in 
males. A placebo-controlled, double-blind, comparative study 
Dermatology 1995;191:129-32. 

[113] Larsen J, Peters K, Petersen CS, Damlcjaer K t Albrectsen J ( 
Weismann K. Interferon alpha-2b treatment of symptomatic 
chronic vulvodynia associated with koilocytosis. Acta Derm 
Venereol 1993;73:385-7. 

[114] Zarcone R, Cardone G, Voto RI, Tartaglia E, Cardone A. 
Efficacy of natural alpha interferon from normal human leuko- 
cytes in symptomatic vestibular papillomatosis. Minerva 
Ginecol 1992;44:185-7. 

[115] Zarcone R. Bellini P, Cardone G, Cardone A. Treatment of 
cervix condylomata with alpha-IFN leucocytar. Clin Exp Ob- 
stet Gynecol 1995;22:326-9. 

1116] Nieminen P, Aho M. Lchtinen M, Vesierinen E, Vaheri A, 
Paavonen J. Treatment of genital HPV infection with carbon 
dioxide laser and systemic interferon alpha-2b. Sex Transm Dis 
1994;21:65-9. 

[117) Zwiorek L, Schmidt-Rhode P. Goerke K, Schulz KD. Condylo- 
mata acuminata and associated infections - possibilities for 
therapy with interferon. Zentralbi Gynakol 1992;114:409-13. 

[118] Mancino P. Corosu R, Petracca R, Piccirillo C. Russo R. Use 
of alpha interferon in microcondylomatosis of the female geni- 
talia. Minerva Ginecol 1994;46:491-3. 

[119] Yliskoski M, Syrjanen K. Syrjanen S. Saarikoski S, Nethersell 
A. Systemic alpha-interferon (Wellfcron) treatment of genital 
human papillomavirus (HPV) type 6, 1 1, 16, and 18 infections: 
double-blind, placebo-controlled trial. Gynecol Oncol 
1991;43:55-60. 

[120] Walther EK, Herberhold C. Treatment of laryngotracheal pa- 
pillomatosis with combined use of laser surgery and intrale- 
sional administration of alpha-interferon (Roferon). 
Laryngorhinootologie 1993:72:485-91. 

[121) Ogura H, Watanabe S, Fukushima K, Baba Y, Masuda Y, 
Fujiwara T, et al. Persistence of human papillomavirus type 6e 
in adull multiple laryngeal papilloma and the counterpart false 
cord of an interferon-treated patient. Jpn J Clin Oncol 
1993;23:130-3. 

[122) Steinberg BM, Gallagher T. Stoler M, Abramson AL. Persis- 
tence and expression of human papillomavirus during inter- 
feron therapy, Arch Otolaryngol Head Neck Sure 
1988;114:27-32. * 

[123] Rotola A, Costa S, Di Luca D, Stefanon B, Villani C, 
Micheletti L, et al. Beta-interferon treatment of cervical in- 
traepithelial neoplasia: a multicenter clinical trial. Interviroloev 
1995;38:325-31. S7 

[124] Grio R. Porpiglia M, Piacemino R, Marchino GL. Intramuscu- 
lar beta-interferon in the treatment of cervical intraepithelial 
neoplasia (CIN) associated with human papilloma virus (HPV) 
infection. Minerva Ginecol 1994;46:579-82. 

[125J De Aloysio D, Miliffi L, Iannicelli T, Penacchioni P, Bottiglioni 
F. Intramuscular interferon-beta treatment of cervical intraep- 



ithelial neoplasia II associated with human papillomavirus in-" 
fection. Acta Obstet Gynecol Scand 1994;73:420-4. 

[126] Penna C, Fallani MG, Gordigiani R, Sonhi L, Taddei GL, 
Marchionni M. Intralesional beta-interferon treatment of cervi- 
cal intraepithelial neoplasia associated with human papillo- 
mavirus infection. Tumori 1994;80:146-50, 

[127] Micheletti L, Barbero M, Preti M, Zanotto Valentino MC, 
Nicolaci P, Corbella L, et al. Intra-Iesion administration of 
beta-interferon in the treatment of CIN associated with HPV 
infection. Minerva Ginecol 1992;44:329-34. 

[128] Pungetti D, Calderara MA, Vicini G, Sclleri MC, Spadaro F, 
Zanardi E. HPV infections in the lower genital tract in the 
female. Results of beta-interferon treatment. Minerva Ginecol 
1991;43:469-74. 

[129] Vitale G, Linciano M, Salamanca S, Ferrari P. HPV genital 
infections + CIN. The immunological patterns, loop electroab- 
lation and beta-interferon. Minerva Ginecol 1994;46:91-4. 

[130] Sartor V, Spairani L, Gini A, Delpiano C. Intramuscular 
beta-interferon therapy of patients with genital HPV infection. 
Minerva Ginecol 1993;45:321-5. 

[131] Bornstein J, Pascal B. Zarfati D, Goldshmid N, Abramovici H. 
Recombinant human interferon-beta for condylomata acumi- 
nata: a randomized, double-blind, placebo-controlled study of 
intralesional therapy. Int J STD AIDS 1997;8:614-21. 

[132] Mojana G, Carinelli S, Borroni R. Buonaguidi A, Luzzu A, 
Milesi M. The diagnosis and therapy of HPV-associated genital 
lesions: the role of systemic beta-interferon treatment. Minerva 
Ginecol 1995;47:31-7. 

[133) Bernasconi F, Gritti P, Ersettigh G ; Galli F, Arienti S. Bela-in- 
terferon treatment of HPV infections of the lower genital tract 
in women. Minerva Ginecol 1994:46:609-18. 

[134] Bornstein J, Pascal B, Abramovici H. Intramuscular beta-inter- 
feron treatment for severe vulvar vestibulitis. J Reprod Med 
1993;38:117-20. 

[135] Basso P, Verdi F. Beta interferon therapy of HPV infections of 
the female genital tract. Minerva Ginecol 1992;44:181-4. 

[136] Fallani MG, Penna C, Sonni L f Gordigiani R, Cioffi M. 
Cesario L ( et al. Treatment of female genital condyloma tosis 
with intramuscular beta interferon. Minerva Ginecol 
1991;43:595-9. 

[137] Fierlbeck G, Rassner G. Pfister H. Condylomata acuminata in 
children - detection of HPV 6/11 and 2. Local therapy with 
interferon-beta hydrogel. Hautarzt 1992;43:148-51. 

[13S] Struzziero E, Corbo M. Beta interferon in clinical practice. 
Minerva Ginecol 1994;46:487-9. 

[139] Cecchini S, Grazzini G f Iossa A, Taddei GL. Colafranceschi M, 
Scuderi A. Subclinical vulvar papillomavirus infection. J Re- 
prod Med 1991;36:143-6. 

[140] Schneider A, Grubert T, Kirchmayr R. Wagner D, Papendick 
U, Schlunck G. Efficacy trial of topically administered inter- 
feron gamma- 1 beta gel in comparison to laser treatment in 
cervical intraepithelial neoplasia. Arch Gynecol Obstet 
1995;256:75-83. 

[141] Shimizu H, Yamasaki M ( Ichimura H. Kurimura O. Antitumor 
effects of cisplatin, cyclophosphamide and interferon-gamma 
(gamma-! FN) against argyrophil small cell carcinoma of the 
uterine cervix heterotransplanted into nude mice. Gan To Ka- 
gaku Ryoho 1989;16:3777-80. 

[142] Fierlbeck G, Rassner G. Condylomata acuminata gigantea with 
detection of HPV-6-DNA. A case report with adjuvant systemic 
IFN-gamma therapy. Hautarzt 1989;40:767- 70. 

[143] Bonnekoh B, Mahrle G, Steigleder GK. Transition to cuta- 
neous squamous cell carcinoma in 2 patients with bowenoid 
papulomatosis. Z Hautkr 1987;62:773 - 4. 

[144] Kirby PK, K-iviat N, Beckman A, Wells D, Shenvin S, Corey L. 
Tolerance and efficacy of recombinant human interferon 
gamma in the treatment of refractory genital warts. Am J Med 
1988;85:183-8. 



